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Introduction
Injury is one of the leading causes of loss of life across the world [1] . Hemorrhage and shock continue to be the most common causes of death in injured patients [2] . Unfortunately, traditional heart rate and blood pressure vital signs are relatively insensitive methods of detecting shock [3] . This is especially true in the elderly, in whom a diminished cardiovascular response to hypoperfusion may be blunted by medications and comorbidities [4, 5] . The peripheral venous lactate concentration has been shown to be elevated in these patients, revealing a highmortality cohort with normal vital signs [6] [7] [8] . Abramson and colleagues reported that critically injured patients who were able to reduce or "clear" an initially elevated lactate concentration in response to resuscitation all survived to discharge [9] .
In more recent work, we demonstrated that poor relative lactate clearance is a better predictor of early death than severe brain injury or abnormal vital signs [10] . Over the past two decades, lactate has been developed as a method of detecting at-risk patients [11, 12] , and lactate clearance has been used as a marker of resuscitation in both traumatic and septic shock [13, 14] . Measuring lactates is inexpensive [15] , fast [16] , portable [17] , and there are multiple ways to obtain equivalent samples [18] [19] [20] [21] , making lactate an ideal biomarker. Furthermore, lactate predicts mortality as well, or better than, base deficit [22] [23] [24] , including patients with normal base deficits [25] . However, only recently has anyone studied alternate ways lactate clearance can be calculated. Puskarich and colleagues [26] sought to determine which method of calculating lactate clearance best predicted survival in a cohort of patients with sepsis undergoing resuscitation. This is an important question because clinicians are often faced with having to interpret small changes in a patient's lactate concentration, where the absolute or relative lactate clearance may be discordant. A hierarchy of how to interpret changes in lactate could help clinicians determine when the patient is improving, or when they need further interventions. The purpose of this investigation is to determine which method of calculating lactate clearance provides the best predictions of 24-hour and in-hospital mortality after traumatic injury.
Materials and methods

Patients and parameters
The subjects for this single-center retrospective chart review were patients admitted to a Level I trauma center between January 1, 2010, and December 31, 2013. All of the data in this study was abstracted electronically from our trauma registry. All patients underwent resuscitation according to our institutional guidelines, which includes crystalloid and blood transfusions at the direction of the attending physician, a venous lactate concentration measured on arrival. To be included in the main analysis, subjects had to 1) be transported directly from the scene of injury, 2) have two lactate measurements within the first 24 h of admission, and 3) their initial lactate level was critically elevated (≥3.0 mmol/L). Lactates were measured using a gas chromatograph in our hospital laboratory, where lactates ≤2.0 mmol/dL are considered normal. For this analysis, the second lactate result received was considered the second measurement of lactate. Death at 24 h and in-hospital mortality were used as endpoints for all calculations [27] . Patients were excluded if they had been transferred from another facility, died within 15 min after arrival, had incomplete records, did not have serial lactate measurements, or did not have an initial elevated lactate concentration (see consort diagram, Fig. 1 ). This study protocol was approved by the Institutional Review Board at the medical facility with which the authors are affiliated.
Statistical methods
Demographics and baseline characteristics of the study population was presented. Normally distributed values were summarized using mean and standard deviation; all other values were reported as median and interquartile range (IRQ). All tests used a significance level of 0.05 and analyses were completed using SAS 9.3 and MedCalc (v12.7.7.0 for Windows 8, copyright ©1993-2013). Demographic information, documentation of death at 24 h, death in-hospital, lactate levels, and timing of test results were extracted from our patient registry. 
Definition of lactate clearance models
Comparison of lactate clearance models
We compared the different models using the area under the receiver operating curves (AUCs) [28] . These dependent AUCs were compared using Delong's method [29] and then Bonferronni-corrected for multiple comparisons. Cutoff values that optimized the sensitivity, specificity, and positive and negative likelihood ratios for each model were calculated. ORs for the cutoff values for the best performing measures of clearance were also calculated.
Sensitivity analysis
The definition of elevated initial lactate measurement may differ between institutions. We sought to demonstrate the robustness of the highest-performing models by recalculating the AUCs and optimal cutoffs for the highest-performing lactate clearance models using the following patient populations: 1) any patient with two lactate measurements (regardless of level), 2) any patient with two lactates, where the first was ≥2 mmol/dL, and 3) any patient with two lactates, with the first ≥4 mmol/dL.
Results
Characteristics of the study cohort
Of the 26,454 patients seen during the study period, 3910 patients met the study criteria (Fig. 1) . The majority of excluded subjects had only one lactate measurement (7732 [29.1%]) or were transfers who were resuscitated prior to arrival at our center (7259 [27.4] ). Those patients who were excluded for having only a single lactate measurement had an in-hospital mortality of 1.6%. The subjects included in the study had an in-hospital mortality of 7.3%. The demographic, clinical, and laboratory data at the time of admission of the study subjects are shown in Table 1 . Within the study population, the mean lactate level on admission for survivors was significantly lower than for nonsurvivors resulted and available to clinicians a median 13.0 min after patients' arrival (IRQ, 9-19 min). Repeat measurements were reported a median of 4.2 h later (IRQ, 2.6-6.7 h).
Assessment of approaches of calculating lactate clearance
The average absolute rate of lactate clearance was 0.70 mmol/dL/h (25th-75th percentile: 0.07-0.72 mmol/dL/h). Absolute rate was no better than chance at predicting 24-hour or in-hospital mortality (AUC = 0.57, 95% CI: 0.55-0.58, AUC = 0.54, 95% CI: 0.52-0.55, respectively). The average absolute difference was 2.08 mmol/dL (25th-75th percentile: 0.60-2.80 mmol/dL) and the relative rate of clearance was 10.40%/h (25th-75th percentile: 2.47-15.01%/h). Absolute difference (AUC = 0.68, 95% CI: 0.66-0.69, AUC = 0.63, 95% CI: 0.62-0.65, respectively) and relative rate (AUC = 0.59, 95% CI:0.58-0.61, AUC = 0.55, 95% CI: 0.53-0.57) were also poor predictors of 24-h and in-hospital mortality. The value of the repeat lactate measurement had the highest AUC for both 24-h and in-hospital mortality (Table 2) , which was significantly higher than all other models of calculating clearance (p b 0.0001 for all comparisons). Relative lactate clearance had the next highest AUC for early-and overall hospital mortality (AUC = 0.77 and AUC = 0.71 respectively), which was significantly higher than the AUC calculated using absolute clearance, relative clearance rate, and absolute clearance rate (p b 0.0001 for all comparisons). Table 2 also demonstrates the diagnostic value added by repeated lactates, as both the relative lactate clearance and the second lactate value are stronger of predictors of 24-h and in-hospital survival than the value of the first lactate.
Resuscitation benchmarks and sensitivity analysis
The cut-offs that optimize sensitivity and specificity for each model and mortality endpoint, as well as their associated positive and negative likelihood ratios, are shown in Table 2 . Table 3 shows the results of the sensitivity analysis. Over a range of selection criteria, we found that patients had increased chances for survival if their second lactate b3.6 mmol/dL or if their lactate level had decreased by about a third.
Discussion
In this large, single-center study, we compared the various methods of calculating lactate clearance in a large retrospective chart review of injured patients. The current study complements work by Puskarich and colleagues, who found that relative lactate clearance and lactate normalization were strong predictors of survival in septic patients undergoing protocolized resuscitation [31] . In our study of trauma patients, all of the models of clearance were significantly better than chance, but relative clearance and simply taking the second value were the best predictors of 24 h and in-hospital mortality. Similar to other studies, patients with decreasing lactate values during resuscitation were more likely to survive [9, 10, 30] . In this study population, the AUC of both the second lactate value and relative lactate clearance were greater than that of the AUC of the initial lactate. This implies that there was a group of patients that was at risk of dying that was not identified by a single lactate on admission, and there is diagnostic value to repeating lactates through a patient's resuscitation. The sensitivity analysis shows that the optimal thresholds of the second value of lactate and relative lactate clearance are generally constant in this study population across multiple categories of initial lactates. This suggests that these results may be generalizable to other trauma centers with different definitions of abnormal lactate concentration.
Absolute lactate clearance was the least predictive of the models studied, perhaps because multiple interpretations can be drawn from a single absolute difference. For example, a drop of 4 mmol/L in the lactate level would be considered an improvement in most patients, but if a patient started at a lactate of 8 mmol/L, he or she is still at high risk of dying if the second lactate value is 4 mmol/L. Similarly, a drop of 2 mmol/L might be considered a poor response in a patient with an initial lactate of 8 mmol/L but would be considered to indicate normalization if the initial concentration was 4 mmol/L. Large absolute decreases in lactate (e.g., N10 mmol/L) are almost certainly an unambiguous improvement, but these are infrequent cases. Small drops of 2 to 4 are much more common. The multiple different interpretations of these small drops in lactate concentration likely diminishes the predictive performance of absolute lactate clearance as a marker of resuscitation.
The second lactate measurement, taken as a single value without context, had the best predictive value of the models studied, including the first lactate taken on admission. Similar to patients with septic shock [14] , trauma patients with a lactate concentration close to 4.0 mmol/L are at increased risk of death. As shown in a separate analysis, the second lactate measurement performed as well as admission Table 2 Highest-performing models of lactate clearance and optimal cut-offs for predicting mortality at 24 h and in-hospital mortality after injury. lactate (AUC = 0.85) [10] . Both of the time-dependent models had no predictive value, similar to the work by Puskarich [26] . One possible explanation is that oxygen delivery to the tissues might fluctuate rapidly as patients decompensate or improve in response to multiple simultaneous resuscitative interventions. Given that the half-life of lactate is 15 to 30 min in healthy subjects [32] and that the first and second lactate measurements were separated by N4 h, there could have been large variations in lactate levels that were not captured in our testing interval. This implies that each lactate measurement is simply a "snapshot in time" and indicative of the patient's current oxygen delivery status, independent of prior performance. We excluded those patients who did not survive N15 min because these patients are clinically obvious and lactate would have been of little additional diagnostic value. In addition, patients who survived N15 min and only one lactate measurement had excellent survival (99.1%). This suggests our study exclusion criteria was appropriate and the majority of the critically-ill patients were properly funneled into the final study group.
Limitations
This study selected a series severely injured patients with high lactate concentrations out of the general population of patients seen at our trauma center. This approach allowed us to create a natural experiment, but it generated biases. These results should be replicated, ideally by a prospective trial of injured patients undergoing resuscitation with lactate measurements taken at regular timed intervals.
We could not control for the timing of the lactate measurements. The first measure was uniformly reported shortly after admission. The majority of the second lactate measurements were completed within 6 h of admission, similar to other studies of lactate clearance [9, 13, 26, 30, 33] . We eliminated a large proportion of the patients seen over the study period to reduce the heterogeneity of the data set. This approach may have inadvertently excluded a group of high-risk patients. However, the in-hospital mortality of this excluded group was low (1.6%).
There are a number of factors that may alter a patient's lactate metabolism, independent of acute injury. Biguanides [34] and nucleoside reverse transcriptase inhibitors (HIV) [35] , are two classes of medications that are known to cause lactic acidosis. HIV itself, as well as sepsis, seizures, carbon monoxide poisoning, strenuous exercise, and respiratory failure may all raise baseline lactate [36, 37] . Liver dysfunction as the result of viral hepatitis, alcoholic cirrhosis, acetaminophen toxicity, and hepatic steatosis can all increase resting lactate through impaired lactate clearance [38, 39] . Trauma patients often have high blood alcohol levels on admission, which decreases lactate metabolism in a dose-dependent manner [40] . This study did not examine these factors independently. Physicians should be cautious when applying our results to injured patients with these conditions.
Conclusions
The raw value of the second lactate measurement had the greatest ability to predict short-term mortality in our population of severely injured patients, followed by relative lactate clearance. Patients who had a second lactate level concentration b3.7 mmol/L, or who had a relative lactate clearance ≥32%, had improved likelihood for survival. These values could potentially be used as guides for determining whether an injured patient is improving in response to resuscitative efforts. 
